1 Extracellular cytochromes are hypothesized to facilitate the final steps of electron 2 transfer between the outer membrane of the metal-reducing bacterium Geobacter 3 sulfurreducens and solid-phase electron acceptors such as metal oxides and electrode 4 surfaces during the course of respiration. The triheme c-type cytochrome PgcA exists in 5
Introduction 26
Dissimilatory metal reducing bacteria such as Geobacter sulfurreducens have to 27 transfer respiratory electrons to extracellular acceptors via direct contact to minerals 28 such as iron and manganese oxides. These minerals exist as a heterogeneous mixture 29 of insoluble particles in nature, with a range of redox potentials and surface charges that 30 change during reduction (Byrne et al., 2011; Coker et al., 2012; Cutting et al., 2009; 31 Majzlan, 2012; Nealson and Saffarini, 1994) . Respiration of such diverse acceptors in 32 soils and sediments is likely to require continuous modification of the extracellular space 33 to facilitate interfacial contact. Evidence is accumulating that Geobacter strains alter 34 secretion of polysaccharides (Rollefson et A more elusive secreted cytochrome was described in 1999 (Lloyd et al., 1999) , where 49 a 41 kDa extracellular hemeprotein enriched from G. sulfurreducens supernatants was 50 found to rapidly adsorb to Fe(III) oxides. However, this protein has not been linked to a 51 genetic locus. 52 53 One candidate for this uncharacterized 41 kDa extracellular cytochrome is the c-type 54 triheme lipocytochrome PgcA (GSU1761). Expression of pgcA is driven by a GEMM 55 (genes for the environment, membranes and motility) riboswitch responsive to the 56 dinucleotide cyclic AMP-GMP (Kellenberger et al., 2015; Nelson et al., 2015) . In 57 proteomic surveys, PgcA is more abundant when insoluble Fe(III) oxides are the 58 terminal electron acceptor, compared to soluble Fe(III) citrate (Ding et al., 2008) . 59
Expression of pgcA also increases during growth with Fe(III) oxide compared to Fe(III) 60 citrate (Aklujkar et al., 2013) . Selection for rapid growth with Fe(III) oxides enriches for 61 riboswitch mutations that enhance pgcA expression, and selection of a G. 62 sulfurreducens KN400 pili mutant for improved Fe(III) oxide reduction increased pgcA 63 expression, and led to production of a ~40 kDa extracellular cytochrome identified as 64
PgcA. As the pgcA gene predicts a 57 kDa product, this result suggests processing of 65 secreted PcgA by cells (Smith et 
Materials and Methods 84
Cell culture and growth assays. Laboratory stocks of G. sulfurreducens PCA (lab strain 85 resequencing described in (Chan et al., 2015) ), and mutants were resuscitated from 86 laboratory stocks by streaking onto 1.5% agar containing minimal salts medium (NB) 87 (Chan et al., 2015) used to inoculate 1 liter of LB medium containing 50 μg/mL kanamycin. Cells were 144 incubated at room temperature (25 °C) at slow rotation speed to achieve microaerobic 145 conditions. The use of non-baffled shake flasks also decreased the amount of oxygen in 146 the medium. The optical densities at 600 nm were monitored until an optical density of 147 0.5 was achieved. At this time 3 mM (final concentration) of arabinose was added to 148 induce PgcA expression. 100 μM FeCl 3 was also added at this time to increase the 149 amount of bioavailable iron in the medium. Cells were pelleted 18 hours after induction 150 at 4,000 × g. The pellet was washed with 100 mM Tris-HCl, 200 mM NaCl, pH 7.5 151 buffer. Resuspension and lysis via sonication (50% duty cycle, amplitude of 20%, 2 cm 152 horn, for 30 minutes) was performed in the same buffer with lysozyme and DNase. 153
Lysate was centrifuged at 30,000 × g for 30 minutes. The soluble fraction was loaded on 154 to a nickel affinity column. Protein was eluted with 300 mM imidazole. showed no defect in reduction of the soluble electron acceptor Fe(III) citrate, and 228 expression of pgcA via a constitutive promoter in ∆ pgcA cells also had no effect on 229 growth (Fig 2A) . In contrast, when insoluble metals such as Fe(III) oxide ( Figure 2B A. The amount of a 50 kDa protein required to reach a given concentration in a given volume was calculated in grams, and expressed as a fraction of a standard 1 x 10 -13 g Geobacter cell. B. Visualization of the volume around a cell needing to be filled; For simplicity calculations are based on a sphere extending from the cell membrane. A volume 1 µm in all directions is 13.6 µm 3 , while the volume 2 µm from a cell is 65 µm 3 . This exponential increase with distance rapidly increased the burden of a protein-based shuttling strategy.
